The inherent ability of plasmonic bowtie nanoapertures (NAs) to localize the electromagnetic field at a subwavelength scale was exploited to engineer the H removal process in dilute nitrides at the nanometer level. Dilute nitride semiconductor alloys (e.g. GaAsN with a small percentage of nitrogen) are characterized by peculiar optoelectronic properties and, most importantly, by an even more peculiar response to hydrogen incorporation. In this class of materials, it is indeed possible to tune post-growth the alloy bandgap energy by a controlled incorporation of hydrogen atoms. The formation of N-H complexes neutralizes all the effects N has on the host matrix, among which is the strong narrowing of bandgap energy. In the present work, bowtie NAs resonant to the N-H complex dissociation energy were numerically modeled by finite element method simulations, realized by a lithographic approach, and characterized by scanning probe microscopy and resonant scattering spectroscopies. The conditions to get the maximum field enhancement at a specific position below the metal/semiconductor interface, namely at the dilute nitride quantum well position, were identified, demonstrating the ability to achieve a plasmon-assisted spatially selective hydrogen removal in a GaAsN/GaAs quantum well sample. Hydrogen removal through bowtie NAs turns out to be way more efficient (approximately two orders of magnitude) than through the plain surface, thus indicating that bandgap engineering through plasmonic nanostructures can be optimized for future efficient realization of site-controlled single-photon emitters and for their deterministic integration in plasmonic devices.
Introduction
The study of plasmonic nanostructures continues to attract increasing interest, due to their potential application both in fundamental research and in device fabrication [1] [2] [3] . Among plasmonic nanostructures, nanoapertures (NAs) show the remarkable property to transmit and enhance the electromagnetic field over a subwavelength scale (i.e. well below the diffraction limit) [4] [5] [6] . This ability arises from collective excitations of the conduction electrons referred to as surface plasmon modes [7] [8] [9] [10] . Having the ability to produce highly localized light spots, NAs can efficiently link propagating and localized optical fields, enhancing the interaction of light with matter at subwavelength resolution [11] [12] [13] . NAs could thus find potential applications in a number of fields where high optical resolution and field enhancement are critical, such as nanolithography [14] [15] [16] , data storage [17] , optical tweezers [18] , or biochemical sensing [19] [20] [21] . In particular, given their geometry that merges both a high field enhancement due to plasmon coupling (feed-gap antenna effect) and a strong field localization due to the lighting rod effect [22] , bowtie-shaped NAs are able to generate a very large field enhancement at their apexes [23] , up to 15,000 times the illumination field [24] .
In this work, we exploit the large field transmission and localization properties of bowtie NAs to directly write the bandgap energy of dilute nitrides, i.e. III-V semiconductor alloys containing small amounts of substitutional N atoms [25] [26] [27] . In previous works on the GaAsN alloy, to cite the most investigated dilute nitride material, we have shown that it is possible to tune post-growth the alloy properties -e.g. the bandgap energy [28] or the effective mass [29, 30] and gyromagnetic factor [31] of conduction electrons -by a controlled incorporation of hydrogen atoms. This possibility stems from the formation of N-H complexes within the material lattice, which neutralize all the effects N has on the host matrix [32, 33] . More recently, we also demonstrated the possibility to modulate spatially, at a nanometer scale, the material properties, particularly the bandgap energy, by making use of lithographic [34] or laser-assisted [35, 36] approaches to control the incorporation or removal of hydrogen atoms, respectively. This ability has been successfully employed to create site-controlled quantum emitters and to deterministically integrate them in photonic crystal nanocavities [37, 38] . Here, by making use of plasmonic NAs, we engineer the plasmon-induced hot spot to control the N-H complex dissociation at the nanometer scale, opening a novel route to the hydrogen-induced in-plane bandgap engineering of dilute nitride semiconductors.
In particular, we perform finite element method (FEM) calculations (Section 2.1) to optimize the bowtie NA geometry in order to obtain a strong field localization (<100 nm) and enhancement (a factor of >10) 33 nm below the metal/ semiconductor interface -namely, at the GaAsN quantum well (QW) center -for an incoming radiation wavelength of 700 nm. At that wavelength, indeed, the N-H complex dissociation by light has been reported to have the maximum efficiency [35] . Arrays of isolated bowtie NAs in Al thin films are then fabricated and characterized (Section 2.2) by scanning probe microscopies [i.e. scanning electron microscopy (SEM) and atomic force microscopy (AFM)] as a function of their geometrical properties. An electron beam lithography (EBL) fabrication approach is used, rather than the most widely used focused ion beam (FIB) milling approach, to keep the sample damage negligible during the fabrication of NAs and to allow a scalable processing of many devices in parallel over a relatively large area. The realized NAs are also experimentally characterized (Section 2.3) in terms of their optical response to the incoming radiation by crosspolarized resonant scattering spectroscopy, testing their resonant response to the target 700-nm radiation. Finally, the ability of the NAs to remove H in a spatially selective way from a fully hydrogenated GaAsN/GaAs QW sample is demonstrated (Section 3). The hydrogen removal through the NAs is way more efficient (up to ~100 times) than on the plain sample surface, thus demonstrating the potential of plasmon-induced in-plane bandgap engineering for the future efficient realization of site-controlled single-photon emitters in dilute nitrides and for their deterministic integration in plasmonic devices.
Bowtie NA optimization
Plasmonic NAs are characterized by a strong electromagnetic field localization and by a high transmission, which make them suitable for a variety of subwavelength applications. However, if not properly designed, the waveguide cut-off effect [39] can drastically reduce the field transmission through the plasmonic NA. For this reason, before fabrication, we have performed a series of FEM simulations, in order to define a range of geometric parameters suitable for the target application: namely, the site-controlled removal of H from a dilute nitride QW buried in a GaAs sample. In particular, the target bowtie NAs should be able to localize the field well below (33 nm) the metal/substrate interface, namely at the center of the QW, and they should sustain a plasmonic resonance at the near-infrared wavelength (λ ~ 700 nm) where the N-H complex dissociation and H removal from dilute nitrides are more efficient [35] . These are two stringent conditions specific to our target application and scarcely investigated in the literature.
Simulations
As the performance of a bowtie NA is strongly dependent on its geometry, in order to obtain reliable results when simulating the NA properties, it is necessary to adopt a realistic geometry, also taking into account the limits of the fabrication technique being used. Figure 1A shows the geometry of the bowtie apertures studied in this work. It consists of a square waveguide defined by a length L, loaded with two conducting triangular ridges whose apexes meet at the center of the aperture (initially no gap, g = 0). A square gap of size g (≥10 nm, to meet the limit of the fabrication technique) is then opened at the center of the aperture. All the corners of the obtained geometry are rounded, with a minimum curvature radius of r = 20 nm, thus mimicking the finite resolution of the fabrication technique in the xy plane while also avoiding field singularities in the simulations. The obtained bowtie geometry is used to define an aperture in a metal film of constant thickness (t) deposited on top of a GaAs substrate. The FEM simulation is then conducted by exciting such a geometry with a monochromatic plane wave of wavelength λ, linearly polarized with the electric field at a fixed angle (α) with respect to the y-axis, originating from the air side and propagating at normal incidence with respect to the substrate. The simulations were performed for a range of wavelengths between 300 and 1100 nm. The refractive indices of the substrate (GaAs) and of the metal layer used for the NA were wavelength dependent and were interpolated based on empirical data [40, 41] , while a wavelength-independent refractive index of 1.0 was used for the environment (air). The computational domain box had a size of 1500 nm with a perfectly matched layer of 150 nm around it 1 . A finer mesh (5-7 nm) was used around the NA, while a coarser mesh (50-80 nm) was employed in the outer regions. A perfect electric conductor was used in the y-z and x-z edge planes. The simulations were performed by calculating first a background scattered field (E 0 ), defined as the solution of the interaction between the plane wave and an infinite metallic slab without any aperture (Floquet periodic boundary conditions were used in this case). Such an E 0 field was then used as the excitation field for a second calculation run, where a single bowtie NA was opened in the metallic slab. The total electric field (E tot ) obtained in such a way can be seen as the superposition of the background field produced by the metallic slab and the scattered field (E NA ) produced by the NA: E tot = E 0 + E NA . Finally, the field intensity enhancement (I) produced by the single NA was obtained for each point of the simulated three-dimensional (3D) space as the ratio between the square norm of the total field and the square norm of the background field: I = || E tot || 2 / || E 0 || 2 . Such a simulation strategy yields accurate results even in the case E NA  E 0 and does not require a strong calculation power, as it can be performed on a desktop (32 Gb RAM) computer; however, it is a bit more time consuming, as any simulation has to be performed twice (with and without the NA) for each geometry and incident radiation condition.
As widely reported in the literature [23, 42, 43] , the spectral response of metallic bowtie NAs is dominated by a surface plasmon resonance at visible/far-infrared wavelengths and by a Fabry-Pérot-like resonance at visible/ultraviolet wavelengths. By varying the NA geometry, mainly the film thickness, the relative intensity of the two resonances can be varied and one resonance can be enhanced with respect to the other. Figure 1 summarizes the results of the simulation studies done by varying all the geometrical parameters of the NA (i.e. outline dimension L, gap size g, metal thickness t, and the type of metal employed). The final goal of this study was to maximize the field intensity and localization (i.e. hot-spot lateral size) at the QW position (33 nm below the metal/ substrate interface) for an incoming radiation of 700-nm wavelength. As a general trend, and in agreement with the literature [23, 24, 42, 44, 45] , we found that an efficient plasmon resonance excitation can be achieved only for incoming light linearly polarized orthogonal to the bowtie main axis (i.e. along the y-axis), while surface plasmons are not excited for polarization along the bowtie main axis (i.e. x-axis). Such a polarization dependence is retained by the radiation transmitted through the NA toward the substrate (see Figure 1B ). The field enhancement and resonant wavelength values are then analyzed adopting the convenient polarization for the incoming light (i.e. along the y-axis). We found that the field enhancement increases for decreasing the gap size from 100 to 10 nm, exhibiting a rather flat maximum around g ~ 20 nm ( Figure 1D ), and that the intensity increases and the resonance frequency redshifts for increasing the outline dimensions from 200 to 600 nm, saturating for L ≥ 400 nm ( Figure 1C ). Finally, a strong dependence of the plasmonic peak, both in intensity and resonant wavelength, is found by varying the metal thickness (see Figure 1E ). Fixing all the geometrical parameters to the values that produce the strongest resonance peak for an incoming radiation of 700-nm wavelength, we investigated the different metals usually employed in plasmonics -such as gold, silver, and aluminum -looking for the minimum hot-spot size that can be produced at the QW level (z = −33 nm). Although Au and Ag are able to produce a stronger field intensity enhancement (about three times that produced by Al), Al guarantees the most localized hot spot among the three metals, as well as the most symmetric one (see Figure 1F ).
The performed simulation study allows us to identify the parameters a bowtie NA should have to produce an efficient H removal from a dilute nitride QW sample, which turn out to be L = 400-600 nm, g = 20-50 nm, t = 100-120 nm in an Al film. This defines relatively lax conditions on the bowtie geometry, such that even relatively large variations in the geometric properties of the fabricated NAs (up to 20% around the optimal value of L and t, and up to 40% for g) are not expected to sizably worsen (<20%) the hot-spot intensity generated by the NA. Moreover, the use of Al (instead of Au or Ag) as the metal employed for making the NAs contributes to keeping the process cheap, which, paired to an inherently scalable fabrication technique (see below), greatly enhances the potential for applications of the results presented here.
Fabrication
The possibility to realize plasmonic nanostructures with gap size <10 nm has been demonstrated for different fabrication approaches: angled deposition [46] , self-assembly of nanoparticles [47] , chromium expansion with a second lithography [48] , and template stripping from a silicon substrate [49, 50] . Nevertheless, FIB milling is still the most used technique to achieve narrow-gap plasmonic aperture devices [51] , having shown the capability to produce -with an He + -ion lithography configuration -apertures with gap size down to 8 nm in coaxial shapes [52] and 5 nm in dimers [53] [54] [55] . Although FIB-based fabrication techniques allow ultimate gap resolution, they are often very challenging, not scalable, and not very versatile. Moreover, they are serial in nature, and thus unsuited for the fabrication of large arrays of devices. On the contrary, EBL -possibly combined with a single lift-off step to produce the final structure -is a much more flexible technique, naturally suited to be scalable and capable of producing high-resolution features at a much higher production rate. In this study, we adopted one such EBL-based fabrication technique by optimizing a negative-tone lift-off process with a hydrogen silsesquioxane/poly(methylmethacrylate) (HSQ/ PMMA) bilayer resist for the realization of plasmonic NAs. A lithographic approach followed by a modified lift-off process has recently shown the ability to fabricate 10-nmgap bowtie NAs [56] . However, in that case, a single-layer HSQ resist was employed paired with a lift-off performed in hydrofluoric acid, which is not suitable for all substrates nor is it compatible with Al films. Here, to avoid hydrofluoric acid as the remover, an HSQ/PMMA bilayer resist was employed, thus allowing to remove the resist in an organic solvent (i.e. acetone). The negative-tone lift-off process with the HSQ/PMMA bilayer resists has already been proposed in the literature [57] , with a reported sub-10-nm resolution [58] ; however, to the best of our knowledge, it has never been applied to the fabrication of plasmonic nanostructures.
The fabrication procedure used is outlined in Figure 2 . Our devices are fabricated on epitaxial GaAs samples (with and without the presence of a buried GaAsN QW; see Figure 2A for a sketch of the whole processing chain). First, a positive-tone PMMA electron resist is spin-coated on the sample, forming a 300-nm-thick resist film on top of which a second layer of negative-tone HSQ electron resist is deposited with a thickness of 70 nm. An EBL system (VISTEC EBPG 5-HR working at 100 kV) is used to pattern bowtie shapes with an e-beam dosage ranging from 1300 to 1900 μC/cm 2 , depending on the feature size. After the exposure, HSQ is developed at 20°C in an aqueous solution of tetramethylammonium hydroxide at 2.4% for 60 s, and then backed on a hot plate at 130°C for 5 min to increase the chemical and physical stability of the HSQ to the subsequent processing steps ( Figure 2B ). The bowtie shapes are then transferred to the PMMA layer by reactive ion etching in an O 2 :Ar (3:1) gas mixture plasma, thus leaving behind tall (~370 nm) bowtie posts (see Figure 2C ). The presence of Ar + ions in the plasma helps to reach near perpendicular sidewalls in the HSQ layer and a pronounced undercut in the PMMA layer, both conditions extremely important to prevent sidewall coating during the metal deposition ( Figure 2D ) and, thereby, to allow for a high-quality lift-off even with a rather small resist-tometal ratio (3:1 in our case). Any possible oxidation of the sample surface and/or PMMA residuals is removed just before the metal deposition by a further mild reactive ion etching step in CHF 3 plasma. Next, a 120-nm-thick layer of aluminum is evaporated onto the sample, and the final lift-off is performed in hot acetone (56°C) in a sonication bath cleaner for 2 min.
In the fabrication protocol, each step has been carefully optimized to control the final feature sizes and metal roughness; in particular, the etching steps are those most critical in this respect. As discussed in the next section, the metal roughness strongly affects the plasmon resonance in a way hard to quantify by simulations, so a fabrication strategy able to control such a parameter is instrumental to get efficient, reproducible plasmonic structures. The developed fabrication protocol allows for the realization of large arrays of (thousands of) identical bowtie NAs with outline dimension (L) down to 200 nm, gap size (g) down to ~30 nm, in an Al film (t = 120 nm) having a root mean squared (Rms) surface roughness as low as 1.1 nm (see Figure 2E ).
Optical characterization
The optical properties of the fabricated bowtie NAs, in particular their ability to enhance the intensity of an incoming electromagnetic radiation at the plasmon resonance wavelength, have been tested by resonant scattering spectroscopy performed in a cross-polarization configuration [59, 60] . In such a configuration, a laser light linearly polarized at an angle α with respect to the bowtie y-axis (see inset in Figure 3A) is sent to the sample through a microscope objective. The light scattered from the sample is then collected by the same objective, in a crosspolarization scheme (i.e. selecting only the light linearly polarized at α + 90°). This technique efficiently removes the reflected light coming from the sample surface, thus enhancing the sensitivity to the scattered light. A confocal Raman microscope equipped with a 100 × objective (with a numerical aperture of 0.9) was employed to reach a laser spot size of ~0.6 μm at the sample surface, thus allowing us to investigate the response of a single NA (the NA-NA spacing was ≥1 μm in the fabricated arrays; see Figure 3A ,E). The incident light was provided by a supercontinuum laser source with wavelengths ranging from ~480 to ~2400 nm, then selected and linearly polarized in the range 480-1000 nm by a combination of a 1000-nm short-pass filter, a 435-nm long-pass filter, and a linear polarizer. Meanwhile, the collected light was polarizationrotated by a half-wave plate and filtered by a polarizer set (i) at 90° with respect to the polarization of the incident light and (ii) aligned with the direction of the maximum response of the detection system. Finally, the signal was analyzed by a spectrometer equipped with a 300 groove/mm grating and an Si charge coupled device detector. The spectrum of the scattered light intensity produced by the NA is obtained by normalizing the scattered light measured from the NA to that measured on an unpatterned area of the same metal film, which automatically rids us of the wavelength dependence of the incident radiation intensity and of the response of the optical elements (see Figure 3A -C). A Gaussian profile centered at the target wavelength of 700 nm is found for all the investigated NAs (i.e. Al bowties with L = 300-600 nm, g = 30-70 nm, and t = 120 nm; see also Figure 4D ), thus validating the simulation studies and the fabrication protocol.
The ability of EBL to easily create arrays of identical objects on a large area is evident by the optical and surface probe microscopy (SEM and AFM) maps acquired on the realized samples (see Figure 3A ,D,E). The resonant scattering spectra acquired on a single bowtie (red points) and on the unpatterned Al layer (black points) are used to calculate the (C) scattered intensity enhancement produced by the bowtie aperture. A Gaussian resonance centered at λ ~ 700 nm is found, in agreement with the simulations reported in Figure 1D . (D) Map of the resonant scattering enhancement integrated around 700 nm (over a 50-nm interval) acquired on a 7 × 7 μm 2 area. The inset shows the map of a single bowtie (sketched in black on top of the map) where it is possible to distinguish two darker regions around a bright spot. This can be associated to the plasmon-induced localization of the scattered field, which is collected from the bowtie arms and concentrated into the bowtie gap. The inclination at ~45° of the scattered intensity from the bowtie is the result of the cross-polarization scheme (α = 45°) used for the measurements (see also text and Figure 4G ). (E) AFM map of an array of bowtie NAs similar to that shown in panel (A) but with an array pitch of 1 μm.
A 2D map of the scattered light intensity integrated around 700 nm is reported in Figure 3D . Although the spatial resolution of the map (limited by the laser spot size of ~0.6 μm) is comparable with the size of the investigated NA, and so a map of the plasmonic mode itself is not possible, it is possible to envisage two darker regions around a bright spot centered on the bowtie aperture. We tentatively attribute this feature to the plasmon-induced localization of the scattered field, which is collected from the bowtie arms and concentrated into the bowtie gap. Maps at higher spatial resolution, as those obtainable by nearfield spectroscopy (planned for the near future), could validate or reject this hypothesis.
One of the advantages of the chosen fabrication strategy was to have a direct, easy control on the metal surface roughness. It was possible, indeed, to fabricate identical bowtie NAs with metal surface roughness varying over more than an order of magnitude (i.e. Rms from 1.1 to 18.7 nm) by changing the etch recipe, thus directly testing the metal roughness effect on the plasmon resonance by measuring the optical response of the different NAs.
Metal surface roughness is known to play a crucial role in plasmonics, as it is one of the main parameters affecting the plasmon excitation time dephasing and damping mechanics [61] . Its effects are usually detrimental for the properties of the plasmonic nanostructures, particularly in the far-field configuration, even if they can have advantages on the near-field properties, as those reported in surface-enhanced Raman spectroscopy experiments [62] . Nevertheless, surface roughness effects are difficult to model and can often be addressed only through direct measurements. In Figure 4A -C, we report an optical and structural investigation of identical bowtie NAs in a 120-nm-thick Al film (L = 600 nm, g = 35 nm) with very different metal surface roughness (as measured by AFM). By increasing the surface roughness, the scattered intensity enhancement peak shifts to higher wavelengths, broadens, and loses in intensity, all but vanishing for the sample with the highest roughness (Rms = 18.7 nm). Such a behavior agrees with what is reported in the literature for plasmonic gold nanoshells, as a result of the roughness-induced plasmon damping and "hot-spot" formation 18.7 nm) . By increasing the metal surface roughness, the plasmonic peak shifts to higher wavelengths, broadens, and loses in intensity, all but disappearing for the roughest sample. SEM and AFM maps for two representative NAs are reported in panels (B) and (C). The values obtained for the smoother sample for (D) the resonant wavelength as a function of bowtie outline dimension, and for the scattered intensity maximum enhancement as a function of (E) gap size or (F) outline dimension, are also given. (G) Scattered intensity maximum enhancement as a function of the polarization angle (as acquired on a bowtie NA having L = 400 nm, g = 30 nm, t = 120 nm). The maximum enhancement is obtained for a 45° polarization, as a consequence of the plasmon excitation dependence on the incoming radiation polarization (see Figure 1B) and the cross-polarization scheme employed for the measurements. Dashed lines are guide to the eye. Note that all experimental trends of the optical properties of the realized bowtie NAs are in agreement with the predictions of the FEM simulations given in Figure 1. on the surface corrugations [61, 62] . For our purposes, being interested in getting the strongest far-field enhancement from the bowtie NAs, in the fabrication process optimization we gave priority to a process leading to smooth metal surfaces, somewhat sacrificing the achievement of ultimately high gap resolution. The actual feature sizes of the fabricated NAs have been determined by surface probe microscopes (SEM and AFM); gap sizes down to 30 nm have been obtained in samples showing very small surface roughness (Rms ~ 1 nm). On such samples characterized by a smooth surface, we investigated the dependence of the scattering intensity enhancement as a function of the bowtie outline dimension and gap. As regards the scattered field enhancement, we found that it increases both by decreasing the gap size ( Figure 4E ) and by increasing the NA outline dimension ( Figure 4F ). These behaviors agree well with what is expected on the basis of the performed simulations. Moreover, we investigated the optical response as a function of the polarization angle of the incoming radiation for an NA with L = 400 nm and g = 30 nm (see Figure 4G ). We found an almost vanishing value of the field enhancement for α = 0° (polarization of the incoming light along the x-axis), a rather small value (~3) for α = 90°2, and a marked maximum (~14) for α = 45°. Also, this experimental behavior perfectly agrees with the expectations (see Figure 1B) once the cross-polarization configuration employed in the measurements is duly considered. Indeed, when the polarization of the incoming light is along the x-axis, the surface plasmon excitation is negligible. On the contrary, for polarization along the y-axis, the plasmon is maximally excited. However, in this configuration, the scattered light (also polarized along the y-axis) is cut by the collection polarization (fixed along the x-axis) 2 ; thus, the maximum intensity is found for α = 45°.
Plasmon-assisted H removal
As mentioned in Section 1, the spatially controlled, postgrowth incorporation or removal of hydrogen in dilute nitride semiconductors can be applied to the fabrication of site-controlled quantum dots (QDs) [34, 36] . In particular, as regards H removal, a near-field optical illumination was recently employed to overcome the wavelength diffraction limit, thus reducing the laser-irradiated area down to a size of <100 nm and inducing quantum confinement effects [36] . The ability of plasmonic NAs to localize the electromagnetic field at a subwavelength level may make it possible to obtain similar results simply by illuminating the sample through a standard microscope objective, thus avoiding the need for a complex near-field illumination setup. To this end, we first test and demonstrate the possibility to obtain a controlled H removal, and the ensuing in-plane modulation of the bandgap of dilute nitrides, through plasmonic NAs. Figure 5A shows a sketch of the experiment we performed. We studied a GaAs sample containing a GaAsN QW ([N] = 1.1%) buried 30 nm below the surface of the sample, which was hydrogenated (H-dose equals to 1.5 × 10 17 ions/cm 2 , hydrogenation temperature equals to 190°C) in such a way to get a complete N passivation. The achievement of this condition is confirmed by the photoluminescence (PL) spectrum of the sample after hydrogenation, in which only the GaAs emission can be detected (see black line in Figure 5B ). After H irradiation, an array of identical Al bowtie NAs was fabricated on the sample following the procedure described in Section 2.2 (t = 120 nm, L = 600 nm, g = 100 nm, array pitch of 5 μm). Then, laser exposures via a 50 × microscope objective (numerical aperture of 0.5, laser spot size ~1.7 μm) were performed on single bowtie NAs by shining a 100-nm band laser centered at λ exp = 700 nm (as obtained from a supercontinuum laser with the aid of optical filters). The laser treatments were performed for a fixed exposure time of 1 s at increasing power densities. The H removal efficiency was tested by measuring the room temperature PL spectrum from the single NAs after each laser treatment. The PL was excited with a 532-nm laser operated at a power (<1 mW) sufficient to generate a sizable PL signal without producing any H removal (in this, we were aided by the fact that in GaAsN, the H-removal efficiency at 532 nm is about four times lower than that at 700 nm [35] ).
For laser treatments performed at a power of >1 mW, it was possible to observe a sizable hydrogen removal, as indicated by the appearance of the GaAsN peak in the PL spectrum, with a relative intensity increasing as a function of the laser power used in the treatment (see Figure 5B , red and blue lines). It is worth mentioning that the laser power necessary for a full dehydrogenation of the GaAsN QW through the bowtie NA (i.e. 6 mW for 1 s, for a GaAsN emission energy matching the one of the hydrogen-free sample) is seemingly unable to remove any H from the unpatterned area of the same sample (see inset in Figure 5B ). As extensively detailed in previous studies on similar samples, indeed, a laser treatment at a power higher than ~30 mW for 20 s is necessary in order to produce a full de-hydrogenation on unpatterned samples [35] . The reported results indicate, therefore, that the H removal process through the NA is much more efficient (~100 times, when the amount of energy delivered to the sample by the laser is considered) than on the plain surface, and that the plasmon-induced hot spot created by the bowtie NA in correspondence of the GaAsN QW level is able to produce an in-plane bandgap engineering modulation.
Moreover, the simulations indicate that, by reducing the bowtie NA gap to <50 nm, the hot spot created at the GaAsN QW level is localized on a lateral size <100 nm (see Figure 1F , for g = 20 nm). As a consequence, we expect to be able to exploit such a plasmon-enhanced H removal to create nanostructures (such as QDs) by illuminating bowtie NAs through a standard microscope objective, in a similar (but much simpler) way to what is done by near-field optical illumination [36] . Low-temperature measurements on NAs treated under specific irradiation conditions indeed show the presence of narrow lines (with full-width-half-maximum down to ~1 nm) peaked at energies higher than that of the pristine GaAsN QW (λ ~ 980 nm at T = 5 K), which may indicate the formation of a GaAsN QD within the treated area (see Figure  5C -E). In particular, it is worth noticing that delivering a same amount of energy (6 mJ) through identical NAs (L = 400 nm, g = 100 nm) but employing different power and treatment times (e.g. 6 mW for 1 s, or 2 mW for 3 s; see blue and red lines in Figure 5C , respectively), the formed nanostructures can exhibit very different emission energies (up to ~100 meV apart each other). This seems to suggest that the actual size of the GaAsN nanostructure created by NAs is not only defined by the NA geometry, but can also be tuned by the laser treatment parameters, similar to what is found in the case of near-field illumination [36] . A detailed investigation on the QD formation by plasmon-assisted H removal is under progress and will be reported elsewhere. The H removal efficiency is tested by PL investigation of the NAs after the laser treatment exposures. The same treatments are performed also on unpatterned areas for comparison purposes (see inset). The H removal through the bowtie NA is complete for a treatment at 6 mW for 1 s, a condition that does not produce any sizable effect on the unpatterned region. (C) Low temperature (T = 5 K) PL spectra acquired on two NAs after laser treatments at different conditions (blue line: 6 mW for 1 s; red line: 2 mW for 3 s). The spectra of the GaAs substrate and of the hydrogen-free QW (black lines) are also reported for comparison purposes. PL power-density studies are also reported in panels (D) and (E).
Outlook and conclusion
In summary, bowtie-shaped plasmonic NAs have been investigated and fully optimized, opening a new pathway to the efficient in-plane bandgap engineering of hydrogenated dilute nitrides by spatially selective H removal. Bowtie NAs resonant to the N-H complex dissociation energy (λ ~ 700 nm) have been numerically modeled by FEM simulations, realized by a lithographic approach avoiding the use of focused ion milling, and characterized by scanning probe microscopy and resonant scattering spectroscopies. The conditions to get the maximum field enhancement at a specific position below the metal/semiconductor interface (namely, at the center of the dilute nitride QW) have been identified, and we demonstrated the achievement of plasmon-assisted spatially selective hydrogen removal in a fully hydrogenated GaAsN/GaAs QW sample. Hydrogen removal through bowtie NAs turns out to be two orders of magnitude more efficient than through the plain surface of the sample. Ordered arrays of identical Al bowtie NAs have been fabricated by e-beam lithography, followed by a single lift-off step. In spite of its simplicity, this method can be employed to shape a wide range of complex nanostructure designs with good resolution and reproducibility, without involving aggressive etching processes or damaging focused ion milling steps. In addition, the roughness of the metal film, which has been shown to strongly affect the plasmon resonance condition, can be controlled by varying the process parameters and can be kept at a very low level (as low as Rms ~ 1 nm).
The reported findings demonstrate that bandgap engineering through plasmonic nanostructures represents a versatile and powerful tool to control the optoelectronic properties of dilute nitrides in a spatially controlled way. In particular, the reported study represent a first, pivotal step toward the realization of deterministically coupled optically active semiconductorplasmonic integrated components, of great interest for the practical implementation of quantum information and communication protocols [63] . Indeed, the demonstrated ability to locally manipulate the bandgap energy of hydrogenated dilute nitrides via plasmonic NAs can lead to the realization of spatially controlled QDs, which can be directly coupled with the plasmonic nanostructures used to fabricate them. Ideally, it might even be possible to purposely design doubly resonant plasmonic structures [64] , with one resonance centered at 700 nm -to have efficient H removal to create the QD -and the other resonance peaked at ~900 nm -to boost and control the emission properties of the fabricated nanostructures.
